The addition of a capped mini-exon [spliced leader (SL) 
online | memorias.ioc.fiocruz.br Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 107(4): 522-531, June 2012 Trypanosomatids are a remarkable group of early branching protozoa that have developed unusual strategies to become efficient eukaryotic parasites (Simpson et al. 2006) . Although data on the regulation of gene expression by the modification of chromatin at sites of transcription initiation exist (Siegel et al. 2009 , Thomas et al. 2009 ), trypanosomatids primarily regulate gene expression at the post-transcriptional level via unique RNA metabolism (Clayton 2002) . Unlike most eukaryotes, protein-coding genes in trypanosomatids are transcribed from a few constitutive sites that do not present conserved sequences and are not organised with conventional RNA polymerase (pol) II promoter regions , Worthey et al. 2003 . Posttranscription, long polycistronic pre-mRNAs undergo two successive cleavage events at intergenic regions to convert the polycistronic pre-mRNA to monocistronic mRNA. The first cleavage is a trans-splicing of a precapped 39-nt exon (mini-exon) from the highly abundant spliced leader (SL) RNA to the 5' UTR boundary of a gene in the pre-mRNA substrate (Liang et al. 2003 , Mayer & Floeter-Winter 2005 . This inter-molecular splicing reaction obeys many of the same basic rules as cis-splicing reactions, including the GU-AG donor-acceptor site rule and the requirement of a polypyrimidine tract upstream of the acceptor site. A second cleavage event occurs after the trans-splicing event at sites located from 150 nt (Trypanosoma brucei) to 500 nt (Leishmania) upstream of the trans-splice acceptor site. Additionally, this cleavage event marks the site to be polyadenylated during the maturation of the preceding mRNA (LeBowitz et al. 1993 , Hug et al. 1994 ). The conventional polyadenylation signals characteristic of higher eukaryotes appear to be absent in trypanosomatid pre-mRNAs. The coupled trans-splicing and polyadenylation reactions lead to the production of a large number of mature mRNAs from a single transcription initiation event.
Although first observed in trypanosomatids, the SL addition trans-splicing during mRNA maturation has been detected in many other organisms, such as nematodes, flatworms, dinoflagelates, cnidarians, nonvertebrate chordates, rotifers, ctenophores, sponges and arthropods (Davis 1996 , Douris et al. 2010 . In trypanosomatids, all mRNAs are targets of SL addition, but there is no evident functional reason to explain why only some of the transcripts are trans-spliced in other organisms. Furthermore, it is not clear if this processing evolved earlier in the metazoan lineage or appeared repeatedly among diverse metazoan lineages (Nilsen 2001) .
Another unusual feature of the trypanosomatid gene expression repertoire is the use of the powerful RNA pol I machinery to produce large quantities of T. brucei stage-specific variant surface glycoprotein and procyclin precursor (pre-mRNA) (Rudenko et al. 1991 , Zomerdijk et al. 1991 . These pre-mRNAs are also processed through trans-splicing (Huang & Van der Ploeg 1991) . The RNA pol I transcription of natuFinancial support: FAPESP, CNPqral pre-mRNAs has been reported only for T. brucei; however, with the use of artificial constructs, the RNA pol I-controlled expression of protein-coding genes has been reported for the majority of trypanosomatids (Lee & Van der Ploeg 1997) . We have shown that the T. cruzi and Leishmania (Leishmania) amazonensis rRNA pol I promoters can drive the expression of the chloramphenicol acetyltransferase reporter gene, even when no heterologous trans-splice acceptor site is added to the reporter construct (Tyler-Cross et al. 1995 , Uliana et al. 1996 , Floeter-Winter et al. 1997 . These experiments suggest that the 5' external transcribed spacer (ETS) rDNA region can encompass a native 3' acceptor site and that pre-rRNA can be trans-spliced.
It is interesting to note that trypanosomatid RNA pol II does not present the canonical carboxy-terminal domain (CTD) responsible for transcription modulation. Instead, it contains a non-canonical CTD that lacks the heptapeptide repeats usually found in Metazoa. In T. brucei, this pseudo-CTD (approximately 285 amino acids) is important in gene expression regulation. Moreover, the 95 amino acids at the carboxy-terminus of the largest subunit of RNA pol II are essential for parasite survival (Das & Bellofatto 2009 ). Thus, we speculate that the joining of RNA molecules could be an ancient process that is evolutionarily conserved in organisms with partially specialised RNA polymerases.
In this paper, using multiple methods, we show that the pre-rRNA of four divergent trypanosomatids can be processed through trans-splicing using their 5'ETS sequences as acceptor substrates. Polyadenylated 5'ETS molecules were also detected, indicating that these processes may be coupled similarly to pre-mRNA processing. A modulation of SL-5'ETS molecules was achieved using trans-splicing and exosome inhibitors, such as sinefungin or 5'fluorouracil. Although the functional significance of these findings is unclear, we hypothesise that mini-exon addition and/or polyadenylation could serve as tags to drive the destruction of waste molecules in the nuclear compartment.
MATERIALS AND METHODS

Organisms and culture -Promastigotes of L. (L.)
amazonensis (MHOM/BR/73/M2269) were cultivated at 25ºC in 199 medium (Invitrogen, Grand Island, NY, USA) supplemented with 10% foetal calf serum (FCS) (Invitrogen), 10 µg/mL haemin, 100 U/mL penicillin and 100 µg/mL streptomycin as previously described (Kapler et al. 1990 ). Epimastigotes of Trypanosoma cruzi (Y strain) were grown at 28ºC in liver infusion tryptose (LIT) medium supplemented with 10% FCS as previously described (Camargo 1964) . Crithidia fasciculata (ATCC 30267) was grown at 25ºC in LIT medium. Procyclic T. brucei (strain 427) was grown at 28ºC in SDM-79 medium supplemented with 10% FCS as previously described (Brun & Schonenberger 1979) .
RNA and DNA extractions -Trypanosomatid RNA and DNA were isolated from late log-phase cultures. RNA was isolated with TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The RNA sample was then digested with RNase-free DNase (Fermentas Life Sciences, Burlington, Ontario, Canada) and extracted with TRIzol LS reagent. DNA was extracted with a previously described "mini-prep" procedure (Medina-Acosta & Cross 1993); however, alkaline hydrolysis (50 mM NaOH and 2 mM EDTA, pH 8.0) was performed at 65°C for 60 min in place of RNase digestion. Reverse transcription (RT) -To minimise RTstops due to a highly structured template, we used a hot-start protocol. According to the reverse transcriptase manufacturer's instructions (Invitrogen), 5 µg RNA and 2 pmol RT primer were denatured at 65ºC for 5 min in a mixture containing 10 nmol dNTPs. After denaturation, the temperature was decreased to 50ºC. After 2 minu at 50ºC, a mixture preheated to the same temperature was added to adjust the reaction conditions to 50 mM Tris-Cl, pH 8.3, 75 mM KCl, 3 mM MgCl 2 , 5 mM DTT and 40 U RNaseOUT RNase inhibitor (Invitrogen). After 2 min, 200 U SuperScript III reverse transcriptase (Invitrogen) was added and the reaction was incubated for 60 min. The reaction was then inactivated through incubation at 70ºC for 15 min. A mock reaction without reverse transcriptase was performed as a negative control for DNA contamination.
Oligonucleotides
cDNA amplification through semi-nested polymerase chain reaction (PCR) -During the first round of PCR, 1/10 of the reverse-transcribed cDNA from each species was PCR-amplified using a common Rev1 primer. A species-specific forward SL primer was also used for L. (L.) amazonensis, C. fasciculata, T. brucei and T. cruzi. The PCR was performed in a final volume of 50 µL containing 10 mM Tris-Cl, pH 8.8, 50 mM KCl, 0.08% Nonidet-P40, 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 10 µM of each primer and 1.25 U Taq DNA polymerase (Fermentas Life Sciences, Burlington, Ontario, Canada). A 2-min pre-incubation step at 94ºC was followed by 35 cycles of 94ºC for 1 min, 57ºC for 1 min and 72ºC for 1.5 min, with a final step at 72ºC for 10 min. One microliter of a 10 4 dilution of the PCR product was then used as the template in a second round of PCR using the same SL primers and Rev2, a nested reverse primer. The reaction and cycling conditions were identical to the first PCR, with the exception that the annealing temperature was 58ºC. The PCR products were then analysed on a 2% agarose gel, with a 100 bp DNA ladder as a marker (Fermentas) . For the DNA amplifications, DNA (50 µg) was either PCR-amplified using the same semi-nested strategy and conditions used for cDNA amplification (as described above) or directly amplified as described for the second nested PCR reaction. To determine the DNA quality, a control PCR was performed in parallel using the ribosomal RNA small subunit (SSU) universal primers S4 and S12. In this reaction, 0.5 ng DNA was amplified with 10 mM Tris-Cl, pH 8.8, 50 mM KCl, 0.08% Nonidet-P40, 1.5 mM MgCl 2 , 0.2 mM each dNTP, 10 µM of each primer and 1.25 U Taq DNA polymerase (Fermentas). The cycling conditions were the same as described above; however, PCR was only performed for 30 cycles (Uliana et al. 1994 ). The amplified products were analysed through electrophoresis on a 2% agarose gel. To determine the T. cruzi Y strain 5'ETS sequences around the acceptor sites, 50 ng of genomic DNA was amplified with the p66.2 5'ETS sense (Dietrich et al. 1993 ) and Rev2 primers under the same conditions as the S4-S12 amplifications; however, the reaction was performed under the following cycling parameters: an initial denaturation step at 94ºC for 2 min was followed by 30 cycles of 94ºC for 1 min, 55ºC for 1 min and 72ºC for 1.5 min, with a final extension step at 72ºC for 10 min. The PCR products were cloned into the PGEM ® -T Easy (Promega, Madison, WI, USA) vector according to the manufacturer's instructions and clones were selected based on their length after digestion with the NotI restriction enzyme (Fermentas Life Sciences, Burlington, Ontario, Canada). Nucleotide sequences were obtained using the BigDye ® Terminator v3.1 Cycle Sequence Kit (Applied Biosystems, Carlsbad, CA, USA) and an ABI PRISM ® 3100 GeneticAnalyser.
) amazonensis RNA (25 µg) was used as a template in PE analysis. PE was performed with 5 x 10 6 cpm of T4 polynucleotide kinase 5' end-labelled ETS specific Pext 2 primer. After annealing at 37ºC for 15 min, 200 U of M-MLV reverse transcriptase (Invitrogen) was added and the extension was performed at the same temperature for 50 min according to the manufacturer's suggested conditions. Subsequently, the reaction was inactivated at 70ºC for 15 min, precipitated with ammonium acetate and ethanol and analysed on an 8% polyacrylamide denaturing gel alongside a sequencing reaction as a length marker.
RNase protection -The SL5'ETSSSU and ETSSSU DNA fragments cloned in the p-GEM ® -T Easy vector were used as the templates for the synthesis of anti-sense riboprobes. The SL5'ETSSSU insert was obtained with real-time (RT)-PCR with Rev2 and the L. (L.) amazonensis SL oligonucleotides. The ETSSSU fragment was obtained with PCR using Rev2 and PA oligonucleotides. The correct insert orientation was verified through sequencing. The plasmid DNA containing the probe sequence was digested with NcoI and used as the template to synthesise high specific-activity riboprobes with a MAXIscript ® In Vitro Transcription Kit (Ambion/Applied Biosystems, USA) using 50 μCi Uridine-5'-α 32 P (Amersham Redivue SP6/T7 grade -800 Ci/mmol, 20 mCi/mL, GE Healthcare, UK). The probes were purified on a denaturing 5% polyacrylamide gel. RNase and SP6 RNA polymerase of RAPIII -ribonuclease protection assay (Ambion, Applied Biosystems/Life Technologies, Carlsbad, CA, USA). Each probe was purified through Sephadex G20 filtration and then hybridised to different amounts of L. (L.) amazonensis total RNA using the RPAIII TM kit (Ambion) according to the manufacturer's protocol. Briefly, 100,000 cpm of each probe was separately mixed with total RNA and 10 µL hybridisation buffer. The mixtures were heated at 94ºC for 3 min and hybridised overnight at 42ºC. Subsequently, each mixture was precipitated and the pellets were dissolved and treated with RNase according to the instructions for the RPAIII kit. The protected products were fractionated with a denaturing 5% polyacrylamide/8 M urea gel. A non-labelled RNA marker (Decade™ Markers, Ambion) was used to estimate molecular sizes. After drying, the gel was exposed in a Phosphoimager (Molecular Dynamics, USA).
Detection of polyadenylation in the ETS -RTwas performed as described above for cDNA preparation, except that the extension temperature was 50ºC and an oligo-dT (16) adaptor primer was used. The cDNA products were amplified through a three-round PCR strategy (Fig. 1) . First, 1/20 of the RT reaction was amplified for 35 cycles (94ºC for 20 s, 52ºC for 30 s and 72ºC for 45 s) using an ETS sense 1 and an AS adaptor primer. The PCR products were then diluted 100x and amplified for another round of 35 cycles under identical conditions with ETS-2 and AS adaptor primers. Finally, after another 100X dilution of the PCR products, a third amplification was performed under the same reaction conditions and the products were analysed through agarose gel electrophoresis, cloned and sequenced as described above.
Sinefungin or 5-fluorouracil (5-FU) treatmentsPromastigotes of L. (L.) amazonensis (1-2 x 10
7 ) were treated with 1 μg/mL sinefungin (Sigma-Aldrich, MO, USA) as described previously (Clayton et al. 2008) . The treatment was stopped by lysing the parasites with TRIzol reagent, as described for the RNA extraction.
The same number of promastigotes was treated with 5-FU (Sigma-Aldrich, Saint Louis, MO, USA) at the indicated concentrations for 90 min. The treatment was stopped by the addition of TRIzol Reagent, as described above.
Quantitative RT-PCR (qRT-PCR) -
The obtained cDNA was diluted to the equivalent of 250 ng of RNA in water and used for qRT-PCR with the addition of 0.2 μM of the indicated primers. We used the SYBR Detection System (Applied Biosystems, USA) according to the manufacturer's instructions in a 50 μL final reaction volume with a 7300 System (Applied Biosystems, USA). The reactions were initially maintained at 50ºC for 2 min and then held at 94ºC for 10 min. A total of 50 cycles were then performed, consisting of a denaturation step at 94ºC for 30 s, an annealing step at 50ºC for 30 s and an extension step at 72ºC for 30 s. Known amounts of the cloned DNA products were diluted to produce a standard curve for each pair of primers. The primers used to amplify arginase and SSU rRNA are described elsewhere (Uliana et al. 1994 , dos Santos et al. 2011 .
Data analysis -Statistical significance was determined using a Student's t test (p < 0.05).
RESULTS
Pre-rRNA is a substrate for trans-splicing in trypanosomatids -To verify the addition of an SL by trans-splicing in the 5'ETS regions of pre-rRNAs of four trypanosomatid species (T. brucei, T. cruzi, L. (L.) amazonensis and C. fasciculata), we developed a semi-nested RT-PCR strategy ( Fig. 2A, B) . The total RNA preparations of these trypanosomatids were reverse transcribed using an oligonucleotide complementary to a conserved SSU rRNA region (a ribosomal RNA small subunit-coding region) as a primer (Fig. 2B -RT) . The cDNAs were initially amplified with an SL species-specific forward primer and a nested SSU rRNA primer complementary to a second conserved region (Fig. 2B -Rev1 ). The PCR products were then used in a second PCR with the same SL primer and a second nested SSU rRNA conserved primer (Fig.  2B -Rev2) . The agarose gel analyses of the RT-PCR products revealed different patterns of possible trans-spliced products for each organism and no products in the mock reactions (Fig. 2C) . A single product was detected for L. (L.) amazonensis, whereas two bands were observed for all of the other trypanosomatids. Negative results from similar reactions using DNA as a template indicated that these RT-PCR products did not arise from recombination at the DNA level because a 540 bp product was detected only when genomic DNA was used as the template (Fig.  2D) . Furthermore, GeneDB sequence analyses of the T. brucei strain indicated that the SL and rDNA sequences were located on different chromosomes, excluding the possibility of a cis-splicing event, at least in that species.
Pre-rRNA trans-splicing adheres to canonical splicing rules -The RT-PCR products were cloned and sequenced to verify that they represented bona fide pre-SSU rRNA trans-spliced molecules. The 5' ends of all of the products were composed of the species-specific mini-exon forward primer (represented in red lowercase in Fig. 3A) , followed by the downstream mini-exon sequence (represented in black uppercase in Fig. 3A ) joined to the corresponding species-specific 5'ETS sequence. The downstream mini-exon sequence was initially omitted from the design of the primer to confirm that the complete mini-exon was added to the 5'ETS. The mini-exon addition sites were located through the alignment of the 5'ETS of the RT-PCR product with genomic rDNA sequences. The joining occurred immediately upstream of the canonical GU donor splice site of the SL RNA (Fig. 3B) . The double-banded patterns that were observed for C. fasciculata, T. brucei and T. cruzi were explained by the detection of two 5'ETS joining sites, whereas L. (L.) amazonensis had a single joining site. The canonical AG dinucleotide splice acceptor site and its associated polypyrimidine tract were found immediately preceding the 5'ETS joining sites in all of the genomic sequences (Fig. 3B) . Moreover, the polypyrimidine tracts contained more than twice as many T residues as C residues. Thus, hybrid SL-5'ETS generation obeys the same basic rules as pre-mRNA trans-splicing; it generally occurs at the first AG dinucleotide 68 nt or less downstream of a T-rich polypyrimidine tract of 8-25 nt (Benz et al. 2005 ). An exception was observed for the downstream acceptor site in T. cruzi, which was located at a greater distance downstream (Fig. 3B) .
Trans-spliced pre-SSU rRNA analyses revealed open reading frames (ORFs) that contained no more than 45 amino acid residues; thus, it is unlikely that they represent functional coding molecules. A BLASTP search of the T. brucei genome for each candidate peptide sequence was performed in the homologous data bank (genedb. org/genedb/tryp/blast.jsp) using default parameters and no sequence identities were found. Furthermore, none of the putative RNAs were found in the T. brucei EST database, suggesting that a functional peptide is unlikely to be produced from these sequences (not shown).
The SL-5'ETS can be detected through alternative methods -To verify that the SL-5'ETS molecule was not a product of spurious RT-PCR, we identified this molecule in the L. (L.) amazonensis total RNA preparation using PE and RNase protection analyses (Fig. 4) . For PE assays, a labelled oligonucleotide complementary to the 5'ETS sequence was used as a primer in the RT of L. (L.) amazonensis total RNA (Fig. 4A -αets) , producing fragments of 73-77 nt. Because the CAP structure causes reverse transcriptase slippage, these fragments were expected (Fig. 4B) .
For the RNase protection analysis, we constructed one plasmid containing the trans-spliced 5'ETS sequence followed by a portion of the SSU rRNA sequence (Fig. 4A -αSLETSSSU) and another plasmid containing the 5'ETS sequence and a portion of the SSU rRNA sequence (Fig. 4A -αETSSSU) . In both plasmids, the designed sequence was cloned adjacent to an SP6 promoter region. The in vitro transcription of the plasmid DNA using SP6 RNA polymerase produced labelled probes encompassing sequences complementary to the target RNA. These probes were used in a hybridisation reaction with a large amount of total RNA, followed by RNase digestion. The protected products, fractionated with denaturing polyacrylamide gels, presented a strongly labelled 107 nt fragment for both probes, which was the expected 5'ETS-SSU portion of the target. However, the probe for SL-5'ETS (αSLETSSSU) also produced a small amount of 140 nt protected fragments and a fragment corresponding to SL alone (33 nt) (Fig. 4C) . The amount of the 107 nt fragment detected was congruent with the large amount of ribosomal transcription in the cell. The small amount of SL-5'ETS RNA detected corroborated the RT-PCR results because the molecule was detected through a two-round nested reaction. It is important to note that the RNase protection experiments were performed using a large amount of input total RNA to allow for the visualisation of the small amount of protected SL-5'ETS RNA. However, it is difficult to make a direct quantitative comparison between the results obtained with the two methods. It seems clear that the non-trans-spliced rRNA fragments are saturated in the RNase protection assay and therefore, it is not easy to correlate the 10 4 -fold difference in the amount of these molecules and the number of spliced molecules as determined through qRT-PCR. The other fragments that were protected with both probes (Fig. 4C ) are most likely pre-RNA processing intermediates.
rRNA 5'ETS can be polyadenylated -Natural premRNA trans-splicing processes are coupled to the polyadenylation of the upstream mRNA sequence in the precursor molecule. Thus, we searched for 5'ETS polyadenylated sequences in a total RNA preparation from L. (L.) amazonensis with a nested PCR strategy with (pre-rRNA) . A: schematic diagram of spliced leader (SL) RNA and pre-rRNA molecules involved in putative pre-rRNA trans-splicing. For the SL RNA, the boxed ME represents the mini-exon, the black line shows the intron and the 5'SS is the GU donor splice site. For the pre-rRNA, the +1 represents the transcription start site, the black line shows the 5'ETS, the 3'SS is the hypothetical 3'splice site, the boxed small subunit (SSU) is the rRNA, the black boxes represent the three SSU-conserved regions for trypanosomatids and A', A0, and A1 are known trypanosomatid prerRNA processing sites; B: schematic diagram of hypothetical transspliced pre-rRNA. Arrows indicate the SL forward primer for PCR and the complementary primers used for reverse transcription (RT) and two subsequent nested-PCRs (Rev1 and Rev2); C: white arrows indicate RT-PCR products obtained by semi-nested RT-PCR in the presence (+) or (-) absence of reverse transcriptase from total RNA of Trypanosoma brucei (Tb), Trypanosoma cruzi (Tc), Leishmania (Leishmania) amazonensis (La), and Crithidia fasciculata (Cf ). Fermentas Ladder (100 bp) was used as fragment lengths marker (M) but, after cloning, the fragment lengths were determined by sequencing and are shown by the number (in bp) tagged by white arrows; D: trypanosomatid DNA amplification. Line 1: PCR products from trypanosomatid genomic DNA obtained by the same strategy as for RT-nested PCR from total RNA of Tb, Tc, La and Cf; 2: PCR using SL-forward and Rev2 primers; 3: PCR using SSU-derived S4 and S12 primers (see Materials and Methods).
an oligo(dT) adaptor primer that paired with forward 5'ETS-based primers (Fig. 1A) . The electrophoresis of the second round of PCR produced a smear, but not a marked product (Fig. 1B) . However, the sequencing of two cloned products from the third round of PCR identified polyadenylated 5'ETS molecules. The poly-A tail was added either 612 or 607 nt upstream of the mapped AG trans-splicing acceptor site (Fig. 1C) . (Fig. 5A, B) . For the qRT-PCR procedure, we used a reverse primer based on the SSU rRNA sequence to produce cDNA (Fig. 5A) . The PCR was performed with a nested primer in the SSU rRNA region (rev) paired to an SL-based primer (sl) (Fig. 5A ). The amount of 5'ETS-SSU rRNA was also measured using the rev primer paired to an ETS-based forward primer (srta) (Fig. 5A) . Although the precursor molecule 5'ETS-SSU was not affected by sinefungin, the amount of SL-5'ETS was reduced following antibiotic treatment (Fig. 5B) , indicating that 5'ETS trans-splicing responds to sinefungin in a manner similar to mRNA. Interestingly, there was an increase of four orders of magnitude in the number of 5'ETS-SSU molecules compared to SL-5'ETS molecules, which explains the low levels of ETS-SSU observed with RT-PCR, PE and RNase protection experiments.
SL-5'ETS molecule quantities can be modulated through trans-splicing or exosome inhibitors -
We also treated promastigotes of L. (L.) amazonensis with different concentrations of 5-FU. This drug is intracellularly converted into 5-fluoro-UMP, a uridine analogue that is not metabolised to pseudouridine, which is a modification required for effective rRNA processing, Fig. 3 : species-specific spliced leader (SL) sequences and mapping trans-splicing signalling points. A: mini-exon sequences are boxed. SL forward primers for Trypanosoma brucei (Tb), Trypanosoma cruzi (Tc), Leishmania (Leishmania) amazonensis (La), and Crithidia fasciculata (Cf ) are in red lowercase. The SL intron sequence is unboxed, with the 5' donor splice site in gray lowercase italics. GenBank accessions (a/n) are given; B: alignments of genomic (gen) and trans-spliced 5'ETS sequences of La (U21687, DQ907229), Cf (Y00055, DQ907227, DQ907228), Tb (AF416290, DQ907226, DQ907225, DQ907226) and Tc (DQ907222, DQ907223, DQ907224). The AG acceptor site is in red lowercase italics and the green sequence is the polypyrimidine tract. Real-time polymerase chain reaction product lengths in bp and positions where the miniexon sequences, corresponding to organisms specific as in A (sl) were joined are indicated. Purple bars represent distances from polypyrimidine tracts to acceptor sites; SSU: small subunit. resulting in exosome inhibition (Lenz et al. 1994 . After these treatments, the amount of SL-ETS in the total RNA preparation was measured with qRT-PCR as described in Fig. 5A . Notably, treatment with 5-FU caused a dose-dependent accumulation of the ETS trans-spliced molecules (Fig. 5C) ; this effect was not observed for arginase mRNA, a control (Fig. 5C ).
DISCUSSION
In this study, we detected a ribosomal RNA precursor containing a mini-exon sequence at the 5' end of the ETS region in four divergent species within the Trypanosomatidae family (Simpson et al. 2006) , three heteroxenic pathogens and one monoxenic, suggesting that this processing is a common feature of all trypanosomatids. The SL (mini-exon) and 5'ETS joining obeyed the canonical rules of SL addition to pre-mRNA in trans-splicing reactions. Moreover, the sequence analysis of pre-SSU rRNA trans-spliced products revealed that the 3' acceptor site was consistently located between the two most distantly known 5'ETS rRNA processing sites (A' and A1) ( Fig.  2A) (Hartshorne & Toyofuku 1999 , Schnare et al. 2000 . Because the RT-PCR products encompassed a 5'ETS region linked to the 5' end of SSU, it is clear that transsplicing occurred before A1 cleavage. This result does not exclude the possibility that SL addition can also occur after A1 processing, but the minimum acceptable substrate of the trans-splicing reaction is pre-SSU rRNA.
Recent studies using RNA-seq technology and a parallel sequencing SL trapping approach mapped a considerable number of splicing and polyadenylation sites in T. brucei pre-mRNAs (Kolev et al. 2010 , Nilsson et al. 2010 , Siegel et al. 2010 . It is interesting to note that these studies revealed heterogeneity in pre-mRNA processing, with one to three alternative trans-splicing sites being Fig. 4 : primer extension or RNase protection detection of trans-spliced precursor ribosomal RNA (pre-rRNA). A: schematic representation of the method for the detection of spliced leader (SL)-external transcribed spacer (ETS) molecule by primer extension (PE). The relative position of the αETS primer (white box), products and the expected length (black line with nucleotides number) considering the stops caused by methylated G at CAP in the mini-exon sequence (gray box) are indicated below the ETS box. Schematic representation of antisense RNA probes produced by SP6 in vitro transcription corresponding to the complementary SL-5'ETS molecule (in C αSLETSSU) and to the complementary 5'ETS-SSU (αETSSU) precursor molecules for RNase protection (RP). Continuous line, with predicted length inside parenthesis, represent the complementary probe, broken lines indicate the plasmid sequences that also encompasses the probe, but are digested by RNase; B: denaturing PAGE analysis of the primer extension product (1: less exposed; 2: more exposed). Y is the lane containing yeast RNA as control. TGCA are the lanes of the sequencing reaction used as a fragment length marker. Arrows indicate the length of the detected products; C: different amounts of total Leishmania (Leishmania) amazonensis RNA (Lanes 100, 50 and 25 µg) were submitted to RNase protection analysis as described in Materials and Methods. The probes are as represent in A. Dc and Uc corresponds to Lanes containing the probe hybridized to control RNA (yeast) and the undigested probe, respectively. The length of digested products was estimated by the non-labelling RNA marker migration and are indicated in nt. SSU: small subunit. used for each pre-mRNA and a higher number of polyadenylation sites (Siegel et al. 2010) . In another study, Helm et al. (2008) detected alternative trans-splicing in the pre-mRNA transcribed from the coding gene sequence of luciferase integrated in a reverse orientation in the rDNA locus of T. brucei (Helm et al. 2008) . The deep sequencing of poly (A)-enriched SL-containing cDNA libraries of T. brucei found SL-tRNAsec hybrid molecules, which are polycistronically transcribed by RNA pol II in these organisms (Aeby et al. 2010) . Taken together, these observations indicate that trans-splicing in those organisms may be a highly permissive process, most likely assuring the expression of key products for parasite survival (Kolev et al. 2010) . Keeping this transsplicing permissivity in mind, our findings are not surprising, although this is the first time that mini-exon sequences have been detected in an rRNA precursor molecule. However, it is surprising that trans-splicing signalling is conserved in all of the hundreds of rDNA copies in each of the four trypanosomatids studied. This sequence conservation limits the hypothesis of the existence of an RNA pol II transcription leak in the first copy of the rRNA gene tandem array, which could explain the low-copy-number SL-5'ETS molecule. Therefore, it is a biological challenge to elucidate a physiological meaning for this pre-rRNA processing that would explain the selective pressure necessary to preserve the conservation of trans-splicing signalling in rDNA.
It is unlikely that the trans-spliced pre-SSU rRNA molecule codes for functional peptides; however, the generated RNA molecules could have a regulatory function, as has been suggested for the highly abundant L. (L.) major ORF-less trans-spliced RNAs (Iribar & Cruz 2002) . Alternatively, the highly structured transspliced 5'ETS transcripts with prematurely terminated ORFs could be processed through an RNA surveillance mechanism (Houseley et al. 2006) . Thus, these organisms could use a powerful default RNA trans-splicing pathway to process the most abundant structural RNAs in the cell. Nuclear-localised orthologues of the Saccharomyces cerevisiae 5'--> 3'exoribonucleases XRNA and XRND have been identified in T. brucei and could participate in this processing (Li et al. 2006) .
We used sinefungin and 5-FU to modulate the concentration of SL-5'ETS molecules in L. (L.) amazonensis promastigotes, which confirmed that these molecules were present as naturally occurring intermediates. A low copy number of trans-spliced 5'ETS molecules may be the result of a highly efficient degradation pathway for molecules tagged for degradation. Blocking SL addition with sinefungin treatment led to a rapid decay of trans-spliced 5'ETS. Regarding treatment with 5-FU, it is interesting to note that in addition to exosome inhibition, this drug can generate structurally aberrant RNAs by inhibiting the conversion of uridine to pseudouridine and preventing the degradation of highly structured RNA molecules (Allmang et al. 2000) . This mechanism could also explain the observed accumulation of SL-5'ETS molecules when parasites were treated with 5-FU. Because 5-FU did not alter the expression of arginase mRNA, we can say that SL-5'ETS is not a by-product of trans-splicing.
Previously, polyadenylated SLRNA molecules were detected in T. brucei and Leishmania (Leishmania) donovani and implicated in the control of the levels of mature SLRNA (Pelle & Murphy 1993) , (Lamontagne & Papadopoulou 1999) . Furthermore, RT-PCR experiments showed that more than half of the rRNA fragment precursors (the furthest 3' region of the fragmented large subunit rRNA) were polyadenylated in both L. (V.) braziliensis and L. (L.) donovani (Decuypere et al. 2005) . Recently, a T. brucei orthologue of the yeast putative RNA helicase Mtr4p and a non-canonical poly-(A) polymerase were implicated in the polyadenylation-dependent quality control of nuclear rRNA transcripts (Cristodero & Clayton 2007 , Etheridge et al. 2009 ). The polyadenylation of nuclear rRNA transcripts has been described in fungus (Fleischmann & Liu 2001 , Fleischmann et al. 2004 ) and yeast (Kuai et al. 2004 ) and human cells (Slomovic et al. 2006) . A poly (A)-stimulated degradation pathway in yeast was also described (LaCava et al. 2005) . We also detected polyadenylated 5'ETS molecules in Leishmania (Leishmania) amazonensis, indicating that this event could participate in the generation of molecules tagged at their 3'ends for nuclease attack, as suggested for the other polyadenylated rRNA fragment precursors. However, we still cannot determine whether 5'ETS polyadenylation is dependent on 5'ETS trans-splicing.
In Caenorhabditis elegans, an organism that also presents SL trans-splicing (Blumenthal 2005 ), we could not detect homologous C. elegans SL-5'ETS molecules (not shown). C. elegans uses a complex RNA pol II containing a CTD domain (Garrido-Lecca & Blumenthal 2010) . In other eukaryotes, this domain has been implicated in coupling transcription to capping, splicing and polyadenylation (Maniatis & Reed 2002) . Although there are descriptions of non-canonical CTDs (Schumacker et al. 2003 , Das & Bellofatto 2009 ), trypanosomatid RNA pol II lacks the classical CTD domain (Evers et al. 1989 ). Thus, the presence of trans-splicing signals in both protein-coding and rRNA gene transcription products in trypanosomatids could play a role in RNA processing in a manner independent of the RNA pol used. This hypothesis explains our initial observations of the successful expression of a reporter gene driven by the RNA pol I promoter in constructs in which no acceptor site was added (Tyler-Cross et al. 1995 , Uliana et al. 1996 , Floeter-Winter et al. 1997 .
This study provides solid evidence that natural trypanosomatid RNA pol I-transcribed pre-rRNA is processed by SL addition trans-splicing. This RNA processing event could be the footprint of a gene expression regulation strategy that allowed trypanosomatids to survive without specialised RNA polymerases. Alternatively, the relaxed rules for the conservation of trans-splicing sites allowed for the evolution of trypanosomatids that use ancient spliceosome-catalysed RNA reactions to produce a broad spectrum of RNAs.
